Background/Aims: This study aims to investigate the role of circular antisense non-coding RNA at the INK4 locus (cANRIL) in the inflammatory response of vascular endothelial cells (ECs) in a rat model of coronary atherosclerosis (AS). A rat model of AS was established with rats that were injected with a large dose of vitamin D 3 and fed a high-fat diet. Methods: Sixty Wistar rats were randomly assigned into control, model, empty vector, over-expressed cANRIL and low-expressed cANRIL groups (12 rats in each group). Sixteen weeks later, the ultrastructure of their coronary arteries was observed via transmission electron microscopy. Rat serum lipid levels were analyzed using an automatic biochemical analyzer, and their atherogenic index (AI) values were calculated. Hematoxylin and eosin staining was used to observe the endothelial morphology of rats. Additionally, rat EC apoptosis was tested via a TUNEL assay. Enzyme-linked immunosorbent assays (ELISAs) were applied to measure serum levels of interleukin-1 (IL-1), IL-6, matrix metalloproteinase-9 (MMP-9) and C-reactive protein (CRP). The cANRIL, Bax, bcl-2 and caspase-3 mRNA expression levels were measured with a quantitative real-time polymerase chain reaction (qRT-PCR). The protein expression levels of Bax, bcl-2 and caspase-3 were detected using immunohistochemistry. Results: In the control group, ECs were closely arranged with normal structures, and there was no proliferation. In the model, empty vector and over-expressed cANRIL groups, some cells were not present, and atherosclerotic plaques and thrombi appeared. However, in the under-expressed cANRIL group, the cells had a normal structure. Compared with the model and empty vector groups, the levels of total cholesterol (CHOL), triglycerides (TGs), low density lipoprotein (LDL), IL-1, IL-6, MMP-9, CRP, cANRIL, Bax, and caspase-3, AI values, and rates of EC apoptosis decreased in the low-expressed cANRIL group, while HDL (high density lipoprotein) levels and mRNA and protein expression levels of bcl-2 were increased. The changes in expression levels in the
Introduction
Atherosclerosis (AS) is a chronic disease of arterial walls and a main cause of loss of productive lifespan and death worldwide [1, 2] . AS is also affected by several factors, such as gender differences (more frequent in males), hypertension, family history [3] , and a decades-long expansion between the underlying smooth muscle cells (SMCs) of the tunica media and endothelium [4] . The structural and functional integrity of the endothelium is crucial in maintaining cardiovascular homoeostasis and preventing AS [5] . Cardiovascular research suggests that endothelial dysfunction is the initial step in the development of AS [6] . Dysfunction of the arterial vasculature is a main contributor to atherosclerotic cardiovascular disease and the initiation and progression of AS [7, 8] .
ANRIL encodes a long non-coding RNA (lncRNA) at the INK4 locus that overlaps with the 9p21.3 risk interval. It plays distinct regulatory roles in the expression of adjacent proteincoding genes, including methylthioadenosine phosphorylase (MTAP), and 2 cyclin-dependent kinase inhibitors, CDKN2A (encoding p16
INK4a and p14
ARF
) and CDKN2B (encoding p15 INK4b ) [9] . ANRIL gene expression has been documented in atheromatous vessels, coronary SMCs and vascular endothelial cells (ECs) [10] . The lncRNA ANRIL participates in the replication of the genetic risk locus for coronary artery disease (CAD), and it is independently correlated with several forms of immune-mediated, metabolic disorders and coronary heart disease [11, 12] . Previous work has demonstrated that the lncRNA ANRIL, which is transcribed at the cardiovascular disease risk locus on chromosome 9p21, can form RNA circles [13] . Circular RNAs (cRNAs) are a special type of a stable, diverse and conserved noncoding RNAs in mammalian cells [14] . In addition, cRNAs widely participate in the physiological/pathological processes involved in cancer [15] . Wu et al. reported that the different expression patterns of circulatory cRNAs during heart failure (HF) suggest that cRNAs may actively respond to stress and thus serve as indicators for diagnosing HF [16] . As a type of cRNA, cANRIL can inhibit pre-ribosomal RNA processing mediated by exonuclease and prohibit ribosome biogenesis and the proliferation of cells, which may contribute to AS by inducing apoptosis in vascular SMCs [17] . However, there are insufficient data to demonstrate the involvement of cANRIL in the inflammatory response of vascular ECs during the development of AS. Here, we explored how cANRIL regulates the inflammatory response of vascular ECs in association with AS with the aim of developing new avenues for preventing and treating AS.
Materials and Methods

Experimental animals and grouping
Sixty clean-grade healthy male Wistar rats were provided by the Experimental Animal Center of Third Military Medical University. Each rat weighed 200~240 grams and was 8 weeks old. Rats were housed in standard animal laboratories with a controlled temperature of 23°C, a humidity of 50%, an artificial 12 h light-dark cycle and free access to food and water. Rats were maintained under these conditions for 1 week to adapt to the environment and were then randomly divided into the following five groups: control group, model group, empty vector group (injected with empty cANRIL vectors through the caudal vein after model establishment), over-expressed cANRIL group (injected with cANRIL mimics through the caudal vein after model establishment) and low-expressed cANRIL group (injected with cANRIL inhibitors through the caudal vein after model establishment). There were 12 rats in each group, and all groups, except the control group, served as the experimental model. Rats in the control group were fed a normal diet and were injected with physiological saline through the abdominal cavity once a month. In the empty vector, over-expressed cANRIL, low-expressed cANRIL and model groups, each rat was injected with vitamin D 3 (Shanghai General Pharmaceutical Co., LTD., Shanghai, China) at a total dose of 70,000 U/kg over 3 days. Then, the rats were fed a high-fat diet containing 4% cholesterol (CHOL), 5% sugar, 10% lard and 82% of the normal diet for 21 days. Then, 10 μL of empty vector, cANRIL mimics and cANRIL inhibitors (all provided by Guangzhou Geneseed Biotech Co., Ltd. Guangdong, China) was injected into the rats in the corresponding groups through the caudal vein. After an injection, the needle was kept in the vein for 1 min, and bleeding was stopped with a tampon; then, the rats were maintained on a high-fat diet. All rats were killed at week 16. Experimental procedures were performed in accordance with the ethical guidelines for the study of experimental pain in conscious animals.
Sample collection
After they were injected with vectors and fed for 16 weeks, 1.5 mL of blood was collected from the retro-orbital venous plexus from each rat in each group. After centrifugation at 3000 rpm for 15 min, the serum was collected and frozen at -80°C. Rats were deeply anesthetized with pentobarbital (40 mg/kg, purchased from Sigma-Aldrich Chemical Company, St Louis MO, USA) and held in place on a fixation plate. Their hearts were quickly removed and then pressed until the residual blood was discharged. An incision was made along the bottom 1/4 of the right ventricle, and the right coronary artery was identified relative to the root of the aorta. The left ventricle was elevated, and the left anterior descending coronary artery was identified based on the root of the aorta. This allowed a complete segment of coronary artery tissue to be obtained (including the right coronary artery and left anterior descending coronary artery) and fixed in 4% glutaraldehyde (purchased from Sigma-Aldrich Chemical Company, St Louis MO, USA), while another section of the coronary artery was placed in 10% polyformaldehyde (Sigma-Aldrich Chemical Company, St Louis MO, USA). Then, paraffin-embedded specimens were produced and preserved at a low temperature. In addition, coronary artery tissue samples were digested in 0.1% type II collagenase for 15 min, and the liquid was collected and centrifuged at 1200 rpm for 8 min; then, the supernatant was discarded and coronary artery ECs were collected and preserved at -80°C.
Determination of serum lipids and the atherogenic index (AI)
After rats were injected with vectors and fed for 16 weeks, 1 mL of serum was collected from each rat, and total CHOL, triglyceride (TG), low-density lipoprotein (LDL) and high-density lipoprotein (HDL) levels were evaluated using an automatic biochemical analyzer. Then, the AI was calculated as follows: AI = (CHOL-HDL)/HDL.
Transmission electron microscopy (TEM)
Complete coronary artery tissue samples were fixed in 4% glutaraldehyde for more than 2 h and washed in phosphate-buffered saline (PBS) for 5 min, which was repeated 3 times. Then, the cells were fixed in 1% osmic acid for 1-2 h and washed with PBS for 5 min. The procedure was repeated 3 times and was followed by dehydration using 50%, 70%, 90% and 100% acetone for 15 min and infiltration with embedding mediums of 2: 1 acetone and 1: 1 acetone for 2 h. Subsequently, the tissue blocks were embedded in a rubber tile with wells and warmed at 37°C, 45°C, and 60°C for 12 h to produce specimens for analysis. The ultrastructure of the coronary artery was observed via TEM (TECNAIG2, Philips, Eindhoven, Netherlands).
Hematoxylin and eosin (H&E) staining
Coronary artery specimens from each group were fixed in 10% formalin (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) for 24 h and then dehydrated in ethanol, cleared in xylene, deparaffinized and embedded in paraffin. Afterwards, 4-μm-thick paraffin sections were produced. After deparaffinization, the specimens were stained with hematoxylin for 5 min, differentiated in 1% acid alcohol, stained with eosin for 3 min, dehydrated in ethanol and cleared in xylene twice for 10 min. The specimens were then dripped with gum arabic and covered with coverslips. The morphological changes in the coronary arteries were observed using optical microscopy. Xylene, ethanol, hematoxylin, eosin and gum arabic were provided by Sigma-Aldrich Chemical Company (St Louis, MO, USA). The LM1235 Ultra-Thin Semiautomatic Microtome was purchased from Leica Company (Germany). The KD-BM machine used for paraffin embedding was purchased from Jinhua Kolno Electronic Technology Co., Ltd. (Zhejiang province, China). The CX-31 optical microscope was provided by Olympus Optical Co., Ltd. (Tokyo, Japan). 
Terminal deoxyribonucleotide transferase (TDT)-mediated dUTP-digoxigenin nick end labeling (TUNEL) assay
EC apoptosis in coronary arteries was measured using a TUNEL assay kit (purchased from Promega Corp., Madison, Wisconsin, USA) based on the manufacturer's instructions. Coronary artery samples were paraffin embedded and sectioned (5 μm thick) to produce specimens for analysis. The specimens underwent deparaffinization heating for 3 h and were then treated with protease K for 30 min at 37°C, which was followed by soaking in 3% H 2 O 2 and sealing at room temperature for 10 min. Then, the specimens were treated with 50 μL of TDT and reacted in the dark for 60 min. Afterwards, 50 μL of streptavidin-HRP was added, and the solution was reacted in the dark for 30 min. Finally, the specimens were treated with 50-100 μL of diaminobenzidine (DAB) and reacted at room temperature for 10 min. Between every 2 steps of the procedure, the specimens were washed in PBS for 2 min, which was repeated 3 times. The water remaining after washing was blotted away. Then, the numbers of apoptotic cells and all cells were counted via optical microscopy after hematoxylin staining. The apoptosis rate was calculated as follows: apoptosis rate = the number of apoptotic cells/the number of all cells ×100%.
Enzyme-linked immunosorbent assay (ELISA)
Protein concentrations of serum interleukin-1 (IL-1), IL-6, matrix metalloproteinase-9 (MMP-9) and C-reactive protein (CRP) were measured using an ELISA assay kit (purchased from Jingmei Corporation, Shenzhen, China) after adding standard serum to 10 wells in the ELISA kit (including 2 blank wells without sample or ELISA reagent) and determining the standard curve according to the standard serum dilution gradient. Samples were properly diluted and added to the wells for analysis. The kit was gently shaken, covered with the provided sealer and incubated at 37°C for 30 min. The contents were then removed from the wells, and each well was filled with wash buffer and gently shaken for 30 s. The procedure was repeated 5 times. Then, chromogenic reagents A and B (50 μL of each) were added to each well. The wells were gently shaken and incubated in the dark at 37°C for 15 min. The optical density (OD) at 450 nm of the samples was read within 15 min after adding 50 μL of stop buffer. The ELISA assay kit was purchased from Bio-Rad, Inc., Hercules, CA, USA.
Quantitative real-time polymerase chain reaction (qRT-PCR)
Aortic ECs were collected from rats, and total RNA was extracted using Trizol reagent. The OD of each sample at 260/280 nm was detected using ultraviolet (UV) spectrophotometry, and the RNA concentration was calculated. Then, 500 ng of total RNA was subjected to reverse transcription, which was performed according to the instructions of an A3500 reverse transcription kit (Promega Corp., Madison, Wisconsin, USA). The PCR primers (Table 1) were designed with Primer Premier 5.0 in accordance with the gene sequence published in GenBank and were synthesized by Sangon Biotech Co., LTD., (Shanghai, China). A two-step qRT-PCR (SYBR GREEN) assay was performed as follows: pre-denaturation at 95°C for 15 min, which was followed by 40 cycles of denaturation at 95°C for 30 s and extension at 60°C for 1 min. The PCR reaction system was as follows: 12.5 μL Premix Ex Taq or SYBR Green Mix, 1 μL forward primer, 1 μL reverse primer, 1-4 μL DNA template and up to 25 μL ddH 2 O. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal reference, and the standard control group values was set at 1. Then, the threshold cycle value (Ct, threshold of amplification curves) of each target gene was analyzed. The relative expression of each target gene was calculated as a relative quantification (RQ) = 2 −ΔΔCt . The RQ values were used for statistical analysis. The PCR instrument (iQ5) was purchased from Bio-Rad, Inc. (Hercules, CA, USA). Immunohistochemistry Paraffin-embedded tissue sections were heated at 60°C for 1 h and then deparaffinized with xylene twice for 5 min each. A gradient of ethanol and distilled water was used to hydrate the specimens; then, the specimens were boiled for 15 min in citrate buffer (pH 6.0, provided by Zhongshan Biotechnology Co., Ltd. Beijing, China), and endogenous peroxidase was inactivated. Appropriately diluted primary antibodies (1:250 rabbit anti-mouse Bax, 1 µg/mL rabbit anti-mouse bcl-2 and 1:50 rabbit anti-mouse caspase-3, all purchased from Abcam Inc., Cambridge, MA, USA) and corresponding secondary antibodies (Abcam Inc., Cambridge, MA, USA) were added. Samples were subsequently stained with DAB (Zhongshan biotechnology Co., Ltd. Beijing, China) and hematoxylin. Then, the samples were sealed with gum arabic after being dehydrated in ethanol. PBS was used instead of the primary antibodies in the control experiment. Brown particles observed via optical microscopy in the cytosol or nucleus indicated positively stained cells. Data were discontinuously collected, with every third section analyzed, and 10 fields of view were randomly chosen for each section. The percentages of positive cells relative to all cells counted under a high-power objective were calculated and analyzed.
Statistical analysis
Data were analyzed using the Statistical Package for the Social Sciences (SPSS) 21.0 (SPSS Inc., Chicago, IL, USA). Categorical data are expressed as the mean ± standard deviation (x ± s), and differences among multiple groups were analyzed via one-way analysis of variance (ANOVA). Comparisons among multiple groups were analyzed using the least significant difference (LSD) t test; P < 0.05 was considered statistically significant.
Results
Comparisons of the serum lipid levels and AI values of rats in the five groups
Compared with the values in the control group, the serum levels of total CHOL, TGs and LDL and the AI values increased and serum HDL levels decreased in the model, empty vector, over-expressed cANRIL and low-expressed cANRIL groups. Compared with the values in the model and empty vector groups, the serum levels of total CHOL, TGs and LDL and the AI values increased in the over-expressed cANRIL group, while serum HDL levels in decreased. Serum levels of total CHOL, TGs and LDL and AI values decreased and HDL levels increased in the low-expressed cANRIL group compared with the values in the model and empty vector groups (all P < 0.05) ( Table 2 , Fig. 1 ). Table 2 . Comparisons of serum lipid levels of the rats in the 5 groups. Note: *, P < 0.05 compared with the control group; #, P < 0.05 compared with the model and empty vector groups; cANRIL, circular antisense non-coding RNA in the INK4 locus; CHOL, cholesterol; TGs, triglycerides; LDL, low density lipoprotein; and HDL, high density lipoprotein 
Ultrastructural and endothelial morphology of coronary vessels in rats from the five groups
In the control group, rat ECs were closely arranged and spindle-shaped, all organelles had a normal structure without denaturation, and SMCs were arranged in parallel. In the model and empty vector groups, rat EC numbers were reduced, and the nuclei were irregular with nuclear pore expansion. Heterochromatin was gathered at the periphery of the nuclear membrane, and physalides were increasing observed in the cytoplasm. Additionally, the nuclei of SMCs were shrunken and their mitochondrion swollen. In the over-expressed cANRIL group, rat ECs were less abundant, and there was an increase in the number of physalides observed in the cytoplasm and in mitochondrial welling. However, in the lowexpressed cANRIL group, rat ECs were spindle-shaped with nuclei showing a normal structure, and SMCs were continuously and normally arranged ( Fig. 2A) . In accordance with the endothelial morphology observed via H&E staining, the coronary arteries of rats in the control group were normal and did not show hyperplasia. In the model and empty vector groups, the coronary arteries of rats had disorganized structures, and visible atherosclerotic plaques and thrombi appeared. In the over-expressed cANRIL group, arterial structure was more disorganized and more thrombi appeared relative to the model and empty vector groups. The coronary arteries in the low-expressed cANRIL group had a normal structure, and some samples showed a tendency toward developing AS (Fig. 2B) .
Apoptosis of ECs in rats from the five groups
TUNEL assay results showed that in the control group, only a few apoptotic ECs appeared in the coronary artery. The number of apoptosis-positive ECs showed a relative increase in the model, empty vector, over-expressed cANRIL and low-expressed cANRIL groups. Compared with the model and empty vector groups, the number of apoptotic ECs increased in the over-expressed cANRIL group, while it decreased in the low-expressed cANRIL group (all P < 0.05) (Fig. 3) .
Serum IL-1, IL-6, MMP-9 and CRP levels in rats from the five groups
ELISA results show that serum IL-1, IL-6, MMP-9 and CRP levels were increased in the model, empty vector, over-expressed cANRIL and low-expressed cANRIL groups compared with levels in the control group. Additionally, these levels were increased in the overexpressed cANRIL group and decreased in the low-expressed cANRIL group relative to levels in the model and empty vector groups (all P < 0.05) ( Table 3) . Note: (A) shows a view of the ultrastructure of vascular ECs and SMCs from coronary arteries of rats in each group using an electron microscope (×10000), and (B) shows a view of the change in the endothelial morphology of coronary arteries of rats in each group observed using HE staining (×200). EC, endothelial cell; SMC, smooth muscle cell; and cANRIL, circular antisense non-coding RNA in the INK4 locus. Fig. 3 . Over expression of cANRIL increased EC apoptosis in the coronary arteries of rats. Note: The black arrows indicate apoptotic cells (brown); the white arrows indicate non-apoptotic cells (blue). *, P < 0.05 compared with the control group; #, P < 0.05 compared with the model and empty vector groups; EC, endothelial cell; and cANRIL, circular antisense non-coding RNA in the INK4 locus. Table 3 . Serum levels of IL-1, IL-6, MMP-9 and CRP of rats in each group (n = 12). Note: *, P < 0.05 compared with the control group; #, P < 0.05 compared with the model and empty vector groups; cANRIL, circular antisense non-coding RNA in the INK4 locus; IL, interleukin; MMP-9, matrix metalloproteinase-9; and CRP, C-reactive protein Fig. 4 . The level of cANRIL and the mRNA expression levels of Bax, bcl-2 and caspase-3 in ECs from rats in the five groups. Note: *, P < 0.05 compared with the control group; #, P < 0.05 compared with the model and empty vector groups; cANRIL, circular antisense non-coding RNA in the INK4 locus; and EC, endothelial cell.
The protein expression of Bax, caspase-3 and bcl-2 in rats from the five groups
Immunohistochemistry results show that compared with levels in the control group, the protein expression levels of Bax and caspase-3 increased and bcl-2 expression decreased in rats in the model, empty vector, over-expressed cANRIL and low-expressed cANRIL groups. Compared with levels in the model and empty vector groups, the protein expression levels of Bax and caspase-3 increased and bcl-2 expression decreased in the over-expressed cANRIL group. In the low-expressed cANRIL group, the protein expression levels of Bax and caspase-3 decreased and bcl-2 expression increased (all P < 0.05) (Fig. 5 ).
Discussion
AS is the leading cause of stroke, CAD and vascular disease, and it predominantly contributes to morbidity and mortality worldwide [18] . ECs serve as a regulator of lipid transport, and inflammatory signal transduction and EC injury results in dysfunction that has been implicated in vascular inflammation and the development of AS [19] . Our study demonstrates that the expression of cANRIL was correlated with the expression of inflammatory factors in vascular ECs, and the over-expression of cANRIL could exacerbate vascular EC inflammation and promote AS.
Comparisons of serum lipid levels and AI values of rats in the five groups studied here indicated that elevated cANRIL expression could enhance changes in serum lipid levels and increase the AI. Skrzep-Poloczek et al. demonstrated that AS patients had an increased level of total CHOL and LDL and decreased level of HDL [20] . Chen et al. showed that AS patients had elevated levels of total CHOL, LDL and TGs [21] . In rats with AS, the ECs were irregular; for example, the number if ECs vanished, and nuclei were irregular with nuclear pore expansion, while heterochromatin gathered at the periphery of the nuclear membrane and physalides increased in the cytoplasm. AS is preferentially localized at bifurcations and bends in arterial trees, where irregular flow easily occurs. Now, it is well known that regular flow helps maintain vascular homeostasis, while irregular flow contributes to unfavorable vascular responses, which can eventually lead to vascular diseases [22, 23] . Additionally, our study found that elevated cANRIL expression could increase the levels of inflammatory factors, while reduced cANRIL expression could reduce the levels of inflammatory factors. Previous studies have shown that IL-1 could promote AS, and IL-6 levels are independently associated with subclinical AS [24, 25] . Markolf et al. showed that both hs-CRP and MMP-9 are markers of inflammation released from macrophages, which contribute to unstable plaques and vascular remodeling [26] .
Our study demonstrated that elevated cANRIL expression could lead to worse EC inflammation, exacerbating AS. cANRIL, which serves as a factor in atherosclerotic cardiovascular disease and is located on chromosome 9p21, induces cell apoptosis, inhibits cell proliferation and reduces atheroprotective effects [13] . Moreover, elevated cANRIL expression increased EC apoptosis in the coronary arteries of rats, but reduced cANRIL expression resulted in an opposite trend. These were consistent with the qRT-PCR and immunohistochemistry results as increased levels of apoptosis-related genes and proteins was observed in the over-expressed cANRIL group. Vascular cell apoptosis, a form of cell death, plays a significant role in the development of AS, which promotes cardiovascular events [27] . Increases in apoptosis may lead to endothelial dysfunction, which is a key event in the progression of AS [28, 29] . George et al. revealed that the increased expression of Bax and caspase resulted in apoptosis [30] . Additionally, Xu et al. demonstrated that elevated bcl-2 expression could prevent apoptosis, blocking the apoptosis induced by several agents in several cell types, including ECs [31] .
In summary, our study provides evidence that elevated cANRIL expression could promote AS by exacerbating the inflammation of ECs and increasing the serum levels of lipids, CHOL, TGs, LDL, IL-1, IL-6, MMP-9 and CRP. cANRIL plays a crucial role in aggravating vascular EC inflammation in AS. Additionally, this study strongly suggests that reduced cANRIL expression might have a protective effect in the therapeutic treatment of patients with AS. We also realize that in order to fully clarify the direct mechanism of action of cANRIL in AS, further experimental investigations and clinical trials are needed. Nonetheless, the data from this study could shed light on a potentially new, targeted method to prevent AS using an RNA-based approach.
